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ABSTRACT
The tephra dispersal mechanisms of rhyolitic glaciovolcanic eruptions are little known, but 
can be investigated through the correlation of eruptive products across multiple depositional 
settings. Using geochemistry and geochronology, we correlate a regionally important Pleisto-
cene tephra horizon—the rhyolitic component of North Atlantic Ash Zone II (II-RHY-1)—and 
the Thórsmörk Ignimbrite with rhyolitic tuyas at Torfajökull volcano, Iceland. The eruption 
breached an ice mass >400 m thick, leading to the widespread dispersal of II-RHY-1 across 
the North Atlantic and the Greenland ice sheet. Locally, pyroclastic density currents traveled 
across the ice surface, depositing the variably welded Thórsmörk Ignimbrite beyond the ice 
margin and ~30 km from source. The widely dispersed products of this eruption represent a 
valuable isochronous tie line between terrestrial, marine, and ice-core paleoenvironmental 
records. Using the tephra horizon, estimates of ice thickness and extent derived from the 
eruption deposits can be directly linked to the regional climate archive, which records the 
eruption at the onset of Greenland Stadial 15.2.
INTRODUCTION
The stratigraphic correlation of volcanic 
products, particularly tephra, is a powerful 
means of studying the past eruptive behavior 
of volcanoes and linking together disparate 
paleo envi ron mental records (Lowe, 2011). The 
more depositional settings in which an eruption 
is identified, the more information can be pooled 
together to understand the eruption and the pre-
vailing environmental conditions. However, it 
can be challenging to find correlative volcanic 
products across multiple realms, especially ter-
restrial settings that are subjected to periodic 
glaciation (Larsen and Eiríksson, 2008). In this 
paper, we use correlation methods to (1)  assess 
the tephra dispersal mechanisms of rhyolitic 
glacio volcanic eruptions, and (2) precisely 
inte grate glaciovolcanism-derived paleoenvi-
ronmental data with the regional climate record.
Rhyolite glaciovolcanism is an abundant 
feature of the active volcanic zones of Iceland 
(McGarvie, 2009) and is also reported in the 
Cascades volcanic arc, northwestern USA (Les-
cinsky and Fink, 2000), and the Hallett Vol canic 
Province, Antarctica (Smellie et al., 2011). Cur-
rent knowledge of the behavior of rhyolitic gla-
ciovolcanic eruptions is drawn from proximal 
deposits only (e.g., Stevenson et al., 2011; Owen 
et al., 2013a). Without any established correla-
tions between glaciovolcanic rhyolites and dis-
tal tephras, it is not known whether these erup-
tions have produced widespread tephra deposits 
(Tuffen et al., 2002, 2007; McGarvie, 2009).
Glaciovolcanic edifices, such as tuyas, are 
valuable paleoenvironmental indicators that re-
cord the presence of ice at the time of their erup-
tion, and can preserve evidence of the coeval ice 
thickness and basal thermal regime (Jones, 1968; 
Smellie and Skilling, 1994; Smellie et al., 2011). 
Integration of this information with climate rec-
ords has been restricted by the large uncertainties 
in eruption ages (e.g., 40Ar/39Ar ages, with typical 
uncertainties of thousands of years) relative to 
the time scales of climate variability (e.g., the 
decadal to centennial scale climate shifts during 
the last glacial period; Svensson et al., 2008). 
Alternatively, a direct link to the regional paleo-
climate archive could be established through the 
identification of tephra from the same eruptions 
within ice cores and marine sediments.
The distal tephra in this study is II-RHY-1, 
the rhyolitic component of North Atlantic Ash 
Zone II, which is dated to the last glacial  period 
at 55,380 ± 2367 yr b2k (before A.D. 2000; 
2σ) (Greenland Ice Core Chronology 2005 
[GICC05]; Svensson et al., 2008). II-RHY-1 is 
an important part of the tephrostratigraphy of 
the North Atlantic region due to its widespread 
distribution and occurrence at a time of abrupt 
climatic change: the onset of Greenland Sta-
dial (GS) 15.2 (Bramlette and Bradley, 1941; 
Zielinski et al., 1997; Austin et al., 2004; Aus-
tin and Abbott, 2010). Atmospheric transport 
of the tephra resulted in distal fallout onto the 
Greenland ice sheet and sea ice (Ruddiman and 
Glover, 1972; Ram and Gayley, 1991), leading 
to sea-ice rafting of the tephra as far as 2300 km 
to the south and southwest of Iceland (Ruddiman 
and Glover, 1972; Wastegård et al., 2006). The 
volume of airfall tephra, ice-rafted tephra, and 
redeposited tephra in the marine stratigraphy is 
substantial, but poorly constrained (Ruddiman 
and Glover, 1972; Lackschewitz and Wallrabe-
Adams, 1997; Brendryen et al., 2011; Voelker 
and Haflidason, 2015).
The II-RHY-1 tephra has been identified in a 
terrestrial setting as the Thórsmörk Ignimbrite, a 
variably welded ignimbrite in southern Iceland 
(Sigurdsson, 1982; Lacasse et al., 1996; Tom-
linson et al., 2010; Guillou et al., 2019). It has 
been suggested that Tindfjallajökull volcano was 
the source of the ignimbrite (Jørgensen, 1980); 
however, recent observations on the physical 
volcanology of this deposit by Moles et al. 
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(2018) suggest that this is not the case. Further-
more, Grönvold et al. (1995) noted a geochemi-
cal similarity between II-RHY-1 and rhyolites 
at Torfajökull volcano, particularly the “Ring 
Fracture Rhyolites”. These suggested sources, 
as well as nearby volcanoes Eyjafjallajökull and 
Katla, are considered here.
METHODS
Potential correlations between samples 
from distal, medial, and proximal settings 
were investigated using both geochemistry 
and geochronology. II-RHY-1 tephra shards 
were extracted from four North Atlantic ma-
rine sediment cores (Table DR1 and Fig. DR1 
in the GSA Data Repository1). The occurrence 
and stratigraphic position of II-RHY-1 in the 
cores were determined by Abbott et al. (2018). 
Ash and glassy fiamme samples were collected 
from the Thórsmörk Ignimbrite (Fig. 1A; Table 
DR2). Proximal rhyolite lavas were sampled 
at Tindfjallajökull (four samples; Table DR3) 
and Torfajökull (16 samples; Table DR4). The 
selected Torfajökull lavas include those known 
to have erupted during the last glacial period 
(i.e., Ring Fracture Rhyolites, Bláhnúkur, and 
“unnamed ridge”; McGarvie, 1984;  McGarvie 
et al., 2006; Clay et al., 2015; Table DR5). 
These deposits contain a significant proportion 
of fragmental material (e.g., hyaloclastite, ash), 
though samples were sourced from fresh lavas 
to minimize  alteration effects.
The geochemistry of the samples was de-
termined using electron probe microanalysis 
(EPMA; major elements) and laser ablation in-
ductively coupled plasma mass spectrometry 
(LA-ICP-MS; trace elements). A glassy fiamma 
from the Thórsmörk Ignimbrite, glass shards 
from II-RHY-1, and five lava samples from 
the Torfajökull Ring Fracture Rhyolites were 
selected for groundmass 40Ar/39Ar dating. Full 
methods are supplied in the Data Repository.
RESULTS AND INTERPRETATION
The geochemical data confirm that II-RHY-1 
and the Thórsmörk Ignimbrite have highly simi-
lar compositions, overlapping on all bivariate 
plots (Figs. 1B–1C; Figs. DR3–DR5), though 
both deposits have variable trace element com-
positions (e.g., the trend to more evolved com-
positions seen in Fig. 1C). A glassy fiamma from 
the Thórsmörk Ignimbrite yielded an 40Ar/39Ar 
plateau age of 51.3 ± 4.2 ka (2σ), supporting 
the observation of Guillou et al. (2019) that the 
age of the ignimbrite (55.6 ± 4.8 ka [2σ] in their 
study) is concurrent with the ice core chronol-
ogy (GICC05) age of II-RHY-1 (Fig. 1D. Fig. 
DR6). Thus, our new geochemical and geo-
chronological data strengthen the previously 
recognized correlation between II-RHY-1 and 
the Thórsmörk Ignimbrite.
Tephras from II-RHY-1 and the Thórsmörk 
Ignimbrite have compositions that overlap with 
the Ring Fracture Rhyolites of Torfajökull vol-
cano on all geochemical plots (Figs. 1B–1C; 
Figs. DR3–DR5), indicating a strong geochemi-
cal similarity between these groups. In contrast, 
known compositions from Tindfjallajökull, 
Katla, and Eyjafjallajökull volcanoes, and 
from other Torfajökull rhyolites, are dissimilar 
to those of these tephras (Fig. 1B; Fig. DR3).
Groundmass 40Ar/39Ar inverse isochron ages 
of the Ring Fracture Rhyolites overlap with the 
ages of II-RHY-1 and the Thórsmörk Ignimbrite 
(Fig. 1D; Table DR8; Fig. DR6). Inverse iso-
chrons are the preferred method of age calcula-
tion for these samples due to their non-atmo-
spheric initial 40Ar/36Ar contents (Table DR8). 
Dating of groundmass arguably achieves a more 
representative eruption age than dating of feld-
spar crystals, which yield older apparent ages 
for the Ring Fracture Rhyolites (Guillou et al. 
[2019] feldspar 40Ar/36Ar age: 77 ± 6 ka [2σ]; 
see discussion in the Data Repository, section 
7). None of the other Torfajökull rhyolites dated 
in previous studies (McGarvie et al., 2006; Clay 
et al., 2015) have similar ages to the tephras. 
Thus, our new geochemical and geochronologi-
cal evidence strongly suggests that II-RHY-1, 
the Thórsmörk Ignimbrite, and the Torfajökull 
Ring Fracture Rhyolites are the products of 
the same eruptive event (full results data set in 
Tables DR9–DR16).
DISCUSSION
The Source of II-RHY-1 and 
the Thórsmörk Ignimbrite
Our new work resolves the long-standing 
ambiguity regarding the origin of II-RHY-1 
and the Thórsmörk Ignimbrite by recognizing 
Torfajökull, not Tindfjallajökull, as the source 
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Figure 1. A: Location map of Thórsmörk Ignimbrite and nearby volcanoes in southern Iceland. 
Geological mapping from Jørgensen (1980), Jóhannesson and Sæmundsson (1989), Sæmunds-
son and Friðleifsson (2001), and Moles et al. (2018). B: Selected major elements plot of tephra 
II-RHY-1, Thórsmörk Ignimbrite, and rhyolites from potential source volcanoes. Katla compo-
sition from Lacasse et al. (2007); Eyjafjallajökull (A.D. 1821–1823 eruption) from Larsen et al. 
(1999). Lavas are plotted as mean and standard deviation of multiple analyses. Individual shard 
data are plotted for tephras. C: Selected trace elements plot of II-RHY-1, Thórsmörk Ignimbrite, 
and rhyolites from Torfajökull volcano. D: 40Ar/39Ar ages and comparison with Greenland Ice 
Core Chronology 2005 (GICC05) age of II-RHY-1. Inverse isochron and plateau ages are shown 
for each sample, with recommended ages in black (see discussion in the Data Repository, 
section 7 [see footnote 1]).
1GSA Data Repository item 2019213, additional 
sample information and locations, sample preparation 
and analysis methods, full results dataset, additional 
geochemistry plots, 40Ar/39Ar geochronology plots, and 
tables of new and published 40Ar/39Ar ages, is avail-
able online at http:// www .geosociety .org /datarepository 
/2019/, or on request from editing@ geosociety .org.
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volcano. This is supported by the observation 
that ignimbrite deposits on the flanks of Tind-
fjallajökull lack proximal facies; in fact, lithic 
clasts decrease in size and abundance toward 
the volcano (Moles et al., 2018). Additionally, 
there was no significant change in local sedi-
ment deposition regimes at Tindfjallajökull, as 
would be expected following a major eruption 
(Moles et al., 2018).
The identified proximal products of the erup-
tion—the Ring Fracture Rhyolites of Torfajökull 
volcano—are considered to be the largest rhyo-
litic eruption deposit in Iceland, with a preserved 
volume of ~18 km3 (dense-rock equivalent; Mc-
Garvie, 2009). A ring of tuyas was emplaced 
during the eruption, confined by an ice mass 
>400 m thick (Tuffen et al., 2002; McGarvie 
et al., 2006). Explosive activity formed steep-
sided tephra piles before the effusive emplace-
ment of intrusions and lava caps (Tuffen et al., 
2002, 2008; Owen et al., 2013b).
Tephra Dispersal during Rhyolitic 
Glaciovolcanic Eruptions
Our new correlation provides the first docu-
mented link between rhyolite tuyas and distal 
tephra deposits, indicating that a subglacial 
rhyolitic eruption breached the ice to produce a 
subaerial eruption plume (Fig. 2). This confirms 
that widespread and voluminous tephra disper-
sal can be an important feature, and hazard, of 
rhyolite glaciovolcanism (as hypothesized by 
Tuffen et al. [2002] and Stevenson et al. [2011]). 
Although magma fragmentation during the erup-
tion was initially enhanced by meltwater (Tuffen 
et al., 2008, 2002), investigations of these and 
other rhyolite tuyas show that the influence of 
meltwater rapidly declines with time and explo-
sivity is principally driven by magmatic volatiles 
(Owen et al., 2013a; Stevenson et al., 2011). 
The development of volatile-driven subaerial 
eruption plumes after the ice is breached sug-
gests that rhyolite glaciovolcanism can disperse 
tephra in the same style as rhyolite volcanism 
in ice-free settings.
The correlation of rhyolite tuyas with an 
ignimbrite demonstrates another previously 
undocumented phenomenon and hazard: pyro-
clastic density currents (PDCs) can occur during 
rhyolite tuya-forming eruptions and can travel 
tens of kilometers across an ice mass (Fig. 2). 
Welded ignimbrite deposits are present ~30 km 
from Torfajökull (Jørgensen, 1980), indicating 
that the PDCs were still hot after traveling over 
ice or tephra-covered ice. A significant volume 
of tephra was likely deposited on the ice sur-
face proximal to the eruption, and is now lost 
from the terrestrial record (Tuffen et al., 2002; 
Stevenson et al., 2011). The preserved ignim-
brite (estimated volume: 1.5–2 km3 dense-rock 
equivalent; Thórarinsson, 1969) is interpreted to 
have been deposited in a largely or wholly ice-
free environment (i.e., outside the ice margin), 
and its outcrop thus defines the minimum extent 
of this environment at the time of the eruption.
Linking Glaciovolcanism-Derived 
Paleoenvironmental Information 
with Other Records
Tephra II-RHY-1 is a widespread isochro-
nous horizon that marks the eruption of the Ring 
Fracture Rhyolites directly within an array of 
high-resolution proxy records, such as ice-core 
δ18O profiles, which document the climate and 
the associated environmental conditions (Rud-
diman and Glover, 1972; Grönvold et al., 1995; 
Zielinski et al., 1997; Austin et al., 2004; Ab-
bott et al., 2018). Reconstructions of coeval ice 
conditions in south Iceland (i.e., ice >400 m 
thick at Torfajökull; absent in Thórsmörk) can 
now be directly linked to this vast archive of 
paleoenvironmental information and can act as 
boundary conditions for models of the Icelandic 
ice sheet during the last glacial period. Based on 
the North Greenland Ice Core Project (NGRIP) 
ice core record, II-RHY-1 was deposited 40 ± 
5 yr after the start of GS 15.2 (Svensson et al., 
2008; Rasmussen et al., 2014). The use of tephra 
to integrate glaciovolcanism-derived data with 
the regional climate record provides a signifi-
cant advance in precision compared to absolute 
dating alone (e.g., Clay et al., 2015), and can 
be applied to any glaciovolcanic eruption that 
produced an identifiable distal tephra horizon.
CONCLUSIONS
Our data identify the Ring Fracture Rhyo-
lites of Torfajökull volcano, southern Iceland, as 
the source of the Thórsmörk Ignimbrite and the 
distal tephra II-RHY-1. This correlation dem-
onstrates that explosive rhyolitic eruptions at 
subglacial volcanoes can result in widespread 
tephra dispersal. Additionally, our work shows 
that pyroclastic density currents can propagate 
across and beyond an ice mass for ~30 km to 
emplace a variably welded ignimbrite. Rhyolitic 
glaciovolcanic eruptions preserve a record of ice 
cover at the vent and can also deposit an isochro-
nous tephra horizon in a variety of depositional 
settings. Tephra from these eruptions can thus be 
used to precisely date glaciovolcanism-derived 
paleoenvironmental information relative to the 
regional climate archive.
ACKNOWLEDGMENTS
This work was supported by the Natural Environ-
ment Research Council (grant NE/L002493/1). JAS 
was funded by a Royal Society of Edinburgh Per-
sonal Research Fellowship held at the University of 
Edinburgh. PMA was financially supported by the 
European Research Council (TRACE project) under 
the European Union’s Seventh Framework Programme 
(FP7/2007–2013)–ERC grant agreement 259253. We 
thank Mark Chapman, Frederique Eynaud, James 
Scourse, and Mara Weinelt for providing samples or 
access to marine cores. For analytical assistance, we 
thank Sam Hammond, James Malley, and Andy Tindle. 
Thanks to Siwan Davies for advice and support. We 
are grateful for the valuable comments provided by 
Emma Tomlinson, David Pyle, Ben Edwards, John 
Smellie, and an anonymous reviewer.
REFERENCES CITED
Abbott, P.M., Griggs, A.J., Bourne, A.J., Chapman, 
M.R., and Davies, S.M., 2018, Tracing marine 
cryptotephras in the North Atlantic during the last 
glacial period: Improving the North Atlantic ma-
rine tephrostratigraphic framework: Quaternary 
Science Reviews, v. 189, p. 169–186, https:// doi 
.org /10 .1016 /j .quascirev .2018 .03 .023 .
Austin, W.E.N., and Abbott, P.M., 2010, Comment: 
Were last glacial climate events simultaneous 
between Greenland and France? A quantita-
tive comparison using non-tuned chronolo-
gies. M. Blaauw, B. Wohlfarth, J. A. Christen, 
L. Ampel, D. Veres, K. Hughen, F. Preusser 
and A. Svensson (2009): Journal of Quaternary 
Science, v. 25, p. 1045–1046, https:// doi .org /10 
.1002 /jqs .1366 .
Austin, W.E.N., Wilson, L.J., and Hunt, J.B., 2004, 
The age and chronostratigraphical significance 
of North Atlantic Ash Zone II: Journal of Qua-
ternary Science, v. 19, p. 137–146, https:// doi .org 
/10 .1002 /jqs .821 .
supraglacial
tephra deposit
effusive phase and final state
subaerial
ice-bound
lava
ice
tephratephra
ice
explosive phaseA
PDC
propagaon
(~30 km)
ignimbrite: welding
B
tephra
dispersal
tephra deposit
beyond ice margin
Figure 2. Model of rhyolite tuya formation modified from Tuffen et al. (2002) to show tephra 
dispersal and ignimbrite emplacement. During explosive phase (A), breaching of ice leads 
to development of subaerial eruption plume and propagation of pyroclastic density currents 
(PDCs) across ice surface. Proximal deposits are confined by ice to form steep-sided tuya, 
while tephra is deposited on ice surface and beyond (B). In example of Ring Fracture Rhyolites 
eruption studied here, variably welded ignimbrite (Thórsmörk Ignimbrite) is preserved ~30 km 
from source, and major tephra horizon (II-RHY-1) is reported as far as 2300 km from source.
Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G46004.1/4679540/g46004.pdf
by guest
on 23 April 2019
4 www.gsapubs.org | Volume 47 | Number 6 | GEOLOGY | Geological Society of America
Bramlette, M.N., and Bradley, W.H., 1941, Lithol-
ogy and geologic interpretations, in Pigott, C.S., 
et al., Geology and Biology of North Atlantic 
Deep-Sea Cores between Newfoundland and Ire-
land: U.S. Geological Survey Professional Paper 
196-A, p. 1–34.
Brendryen, J., Haflidason, H., and Sejrup, H.P., 2011, 
Non-synchronous deposition of North Atlantic 
Ash Zone II in Greenland ice cores, and North 
Atlantic and Norwegian Sea sediments: An ex-
ample of complex glacial-stage tephra transport: 
Journal of Quaternary Science, v. 26, p. 739–745, 
https:// doi .org /10 .1002 /jqs .1499 .
Clay, P.L., Busemann, H., Sherlock, S.C., Barry, 
T.L., Kelley, S.P., and McGarvie, D.W., 2015, 
40Ar/39Ar ages and residual volatile contents in 
degassed subaerial and subglacial glassy volcanic 
rocks from Iceland: Chemical Geology, v. 403, 
p. 99–110, https:// doi .org /10 .1016 /j .chemgeo 
.2015 .02 .041 .
Grönvold, K., Óskarsson, N., Johnsen, S.J., Clausen, 
H.B., Hammer, C.U., Bond, G., and Bard, E., 
1995, Ash layers from Iceland in the Greenland 
GRIP ice core correlated with oceanic and land 
sediments: Earth and Planetary Science Letters, 
v. 135, p. 149–155, https:// doi .org /10 .1016 /0012 
-821X (95)00145 -3 .
Guillou, H., Scao, V., Nomade, S., Van Vliet-Lanoë, 
B., Liorzou, C., and Guðmundsson, Á., 2019, 
40Ar/39Ar dating of the Thorsmork ignimbrite 
and Icelandic sub-glacial rhyolites: Quaternary 
Science Reviews, v. 209, p. 52–62, https:// doi 
.org /10 .1016 /j .quascirev .2019 .02 .014 .
Jóhannesson, H., and Sæmundsson, K., 1989, Geo-
logical map of Iceland: Bedrock geology: Reyk-
javik, Icelandic Institute of Natural History, scale 
1:500,000.
Jones, J.G., 1968, Intraglacial volcanoes of the 
Laugarvatn region, south-west Iceland: Quar-
terly Journal of the Geological Society of Lon-
don, v. 124, p. 197–211, https:// doi .org /10 .1144 
/gsjgs .124 .1 .0197 .
Jørgensen, K.A., 1980, The Thorsmörk ignimbrite: An 
unusual comenditic pyroclastic flow in southern 
Iceland: Journal of Volcanology and Geothermal 
Research, v. 8, p. 7–22, https:// doi .org /10 .1016 
/0377 -0273 (80)90004 -9 .
Lacasse, C., Sigurdsson, H., Carey, S., Paterne, M., 
and Guichard, F., 1996, North Atlantic deep-sea 
sedimentation of Late Quaternary tephra from 
the Iceland hotspot: Marine Geology, v. 129, 
p. 207–235, https:// doi .org /10 .1016 /0025 -3227 
(96)83346 -9 .
Lacasse, C., Sigurdsson, H., Carey, S.N., Jóhannes-
son, H., Thomas, L.E., and Rogers, N.W., 2007, 
Bimodal volcanism at the Katla subglacial cal-
dera, Iceland: Insight into the geochemistry and 
petrogenesis of rhyolitic magmas: Bulletin of 
Volcanology, v. 69, p. 373–399, https:// doi .org 
/10 .1007 /s00445 -006 -0082 -5 .
Lackschewitz, K.S., and Wallrabe-Adams, H.J., 
1997, Composition and origin of volcanic ash 
zones in Late Quaternary sediments from the 
Reykjanes Ridge: Evidence for ash fallout and 
ice-rafting: Marine Geology, v. 136, p. 209–
224, https:// doi .org /10 .1016 /S0025 -3227 
(96)00056 -4 .
Larsen, G., and Eiríksson, J., 2008, Late Quaternary 
terrestrial tephrochronology of Iceland—Fre-
quency of explosive eruptions, type and vol-
ume of tephra deposits: Journal of Quaternary 
Science, v. 23, p. 109–120, https:// doi .org /10 
.1002 /jqs .1129 .
Larsen, G., Dugmore, A., and Newton, A., 1999, Geo-
chemistry of historical-age silicic tephras in Ice-
land: The Holocene, v. 9, p. 463–471, https:// doi 
.org /10 .1191 /095968399669624108 .
Lescinsky, D.T., and Fink, J.H., 2000, Lava and ice 
interaction at stratovolcanoes: Use of character-
istic features to determine past glacial extents and 
future volcanic hazards: Journal of Geophysical 
Research, v. 105, p. 23,711–23,726, https:// doi 
.org /10 .1029 /2000JB900214 .
Lowe, D.J., 2011, Tephrochronology and its applica-
tion: A review: Quaternary Geochronology, v. 6, 
p. 107–153, https:// doi .org /10 .1016 /j .quageo 
.2010 .08 .003 .
McGarvie, D.W., 1984, Torfajökull: A volcano domi-
nated by magma mixing: Geology, v. 12, p. 685–
688, https:// doi .org /10 .1130 /0091 -7613 (1984)12 
<685: TAVDBM>2 .0 .CO;2 .
McGarvie, D., 2009, Rhyolitic volcano–ice interac-
tions in Iceland: Journal of Volcanology and Geo-
thermal Research, v. 185, p. 367–389, https:// doi 
.org /10 .1016 /j .jvolgeores .2008 .11 .019 .
McGarvie, D.W., Burgess, R., Tindle, A.G., Tuffen, 
H., and Stevenson, J.A., 2006, Pleistocene rhyo-
litic volcanism at Torfajökull, Iceland: Eruption 
ages, glaciovolcanism, and geochemical evolu-
tion: Jökull, v. 56, p. 57–75.
Moles, J.D., McGarvie, D., Stevenson, J.A., and Sher-
lock, S.C., 2018, Geology of Tindfjallajökull 
volcano, Iceland: Journal of Maps, v. 14, no. 2, 
p. 22–31, https:// doi .org /10 .1080 /17445647 .2018 
.1425163 .
Owen, J., Tuffen, H., and McGarvie, D.W., 2013a, Ex-
plosive subglacial rhyolitic eruptions in Iceland 
are fuelled by high magmatic H2O and closed-
system degassing: Geology, v. 41, p. 251–254, 
https:// doi .org /10 .1130 /G33647 .1 .
Owen, J., Tuffen, H., and McGarvie, D.W., 2013b, 
Pre-eruptive volatile content, degassing paths 
and depressurisation explaining the transition 
in style at the subglacial rhyolitic eruption of 
Dalakvísl, South Iceland: Journal of Volcanol-
ogy and Geothermal Research, v. 258, p. 143–
162, https:// doi .org /10 .1016 /j .jvolgeores .2013 
.03 .021 .
Ram, M., and Gayley, R.I., 1991, Long-range transport 
of volcanic ash to the Greenland ice sheet: Na-
ture, v. 349, p. 401–404, https:// doi .org /10 .1038 
/349401a0 .
Rasmussen, S.O., et al., 2014, A stratigraphic frame-
work for abrupt climatic changes during the 
Last Glacial period based on three synchronized 
Greenland ice-core records: Refining and extend-
ing the INTIMATE event stratigraphy: Quater-
nary Science Reviews, v. 106, p. 14–28, https:// 
doi .org /10 .1016 /j .quascirev .2014 .09 .007 .
Ruddiman, W.F., and Glover, L.K., 1972, Vertical mix-
ing of ice-rafted volcanic ash in North Atlantic 
sediments: Geological Society of America Bul-
letin, v. 83, p. 2817–2836, https:// doi .org /10 .1130 
/0016 -7606 (1972)83 [2817: VMOIVA]2 .0 .CO;2 .
Sæmundsson, K., and Friðleifsson, G.Ó., 2001, Geo-
logical map of the Torfajökull central volcano: 
Reykjavik, Orkustofnun, 18.09.01-KS-GÓF, 
scale 1:40,000.
Sigurdsson, H., 1982, Útbreidsla íslenskra gjóskulaga 
á botni Atlantshafs, in Thorarinsdóttir, H., et al., 
eds., Eldur er í Nordri: Reykjavik, Sögufélag, 
p. 119–127.
Smellie, J.L., and Skilling, I.P., 1994, Products of 
subglacial volcanic eruptions under different 
ice thicknesses: Two examples from Antarctica: 
Sedimentary Geology, v. 91, p. 115–129, https:// 
doi .org /10 .1016 /0037 -0738 (94)90125 -2 .
Smellie, J.L., Rocchi, S., Gemelli, M., Di Vincenzo, 
G., and Armienti, P., 2011, A thin predominantly 
cold-based Late Miocene East Antarctic ice sheet 
inferred from glaciovolcanic sequences in north-
ern Victoria Land, Antarctica: Palaeogeography, 
Palaeoclimatology, Palaeoecology, v. 307, p. 129–
149, https:// doi .org /10 .1016 /j .palaeo .2011 .05 .008 .
Stevenson, J.A., Gilbert, J.S., McGarvie, D.W., and 
Smellie, J.L., 2011, Explosive rhyolite tuya for-
mation: Classic examples from Kerlingarfjöll, 
Iceland: Quaternary Science Reviews, v. 30, 
p. 192–209, https:// doi .org /10 .1016 /j .quascirev 
.2010 .10 .011 .
Svensson, A., et al., 2008, A 60 000 year Greenland 
stratigraphic ice core chronology: Climate of the 
Past, v. 4, p. 47–57, https:// doi .org /10 .5194 /cp 
-4 -47 -2008 .
Thórarinsson, S., 1969, Ignimbrít í Þörsmórk: Náttúru-
fræðingurinn, v. 39, p. 139–155.
Tomlinson, E.L., Thordarson, T., Müller, W., Thirlwall, 
M., and Menzies, M.A., 2010, Microanalysis of 
tephra by LA-ICP-MS—Strategies, advantages 
and limitations assessed using the Thorsmörk 
ignimbrite (Southern Iceland): Chemical Geol-
ogy, v. 279, p. 73–89, https:// doi .org /10 .1016 /j 
.chemgeo .2010 .09 .013 .
Tuffen, H., McGarvie, D.W., Gilbert, J.S., and Pinker-
ton, H., 2002, Physical volcanology of a subgla-
cial-to-emergent rhyolitic tuya at Rauðufossa-
fjöll, Torfajökull, Iceland, in Smellie, S.L., and 
Chapman, M.G., eds., Volcano-Ice Interaction on 
Earth and Mars: Geological Society of London 
Special Publication 202, p. 213–236, https:// doi 
.org /10 .1144 /GSL .SP .2002 .202 .01 .11 .
Tuffen, H., McGarvie, D.W., and Gilbert, J.S., 2007, 
Will subglacial rhyolite eruptions be explosive or 
intrusive? Some insights from analytical models: 
Annals of Glaciology, v. 45, p. 87–94, https:// doi 
.org /10 .3189 /172756407782282534 .
Tuffen, H., McGarvie, D.W., Pinkerton, H., Gilbert, 
J.S., and Brooker, R.A., 2008, An explosive–in-
trusive subglacial rhyolite eruption at Dalakvísl, 
Torfajökull, Iceland: Bulletin of Volcanology, 
v. 70, p. 841–860, https:// doi .org /10 .1007 /s00445 
-007 -0174 -x .
Voelker, A.H.L., and Haflidason, H., 2015, Refining 
the Icelandic tephrachronology of the last glacial 
period—The deep-sea core PS2644 record from 
the southern Greenland Sea: Global and Planetary 
Change, v. 131, p. 35–62, https:// doi .org /10 .1016 
/j .gloplacha .2015 .05 .001 .
Wastegård, S., Rasmussen, T.L., Kuijpers, A., Nielsen, 
T., and van Weering, T.C.E., 2006, Composition 
and origin of ash zones from Marine Isotope 
Stages 3 and 2 in the North Atlantic: Quaternary 
Science Reviews, v. 25, p. 2409–2419, https:// doi 
.org /10 .1016 /j .quascirev .2006 .03 .001 .
Zielinski, G.A., Mayewski, P.A., Meeker, L.D., Grön-
vold, K., Germani, M.S., Whitlow, S., Twickler, 
M.S., and Taylor, K., 1997, Volcanic aerosol 
records and tephrochronology of the Summit, 
Greenland, ice cores: Journal of Geophysical 
Research, v. 102, p. 26,625–26,640, https:// doi 
.org /10 .1029 /96JC03547 .
Printed in USA
Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G46004.1/4679540/g46004.pdf
by guest
on 23 April 2019
